The release of lactic dehydrogenase, creatine phosphokinase, and aspartate aminotransferase from initially viable, metabolically competent adult rat heart myocytes has been examined. Freshly isolated cells contain levels of total lactic dehydrogenase, creatine phosphokinase, and aspartate aminotransferase, as well as lactic dehydrogenase and creatine phosphokinase isoenzyme profiles that are quite comparable to those of intact heart tissue. When the cells are lysed with digitonin, 89% of total lactic dehydrogenase, but only 58% of creatine phosphokinase and 27% of aspartate aminotransferase are released. The retention of creatine phosphokinase by the digitoninlysed cells is accounted for by complete retention of mitochondrial creatine phosphokinase and 20% of MM-creatine phosphokinase. When intact myocytes are incubated under anoxic, substratedeprived conditions, there is a gradual loss of the three enzymes to the suspending medium and a parallel increase in the fraction of the cells permeable to trypan blue. The fraction of freely soluble cytoplasmic enzymes lost was equivalent to the fraction of the cells permeable to the dye over a wide range of viability (17-95% viable by dye exclusion criteria), but permeable cells retained mitochondrial creatine phosphokinase and particulate aspartate aminotransferase. These results suggest that simultaneous and complete release of soluble cytoplasmic enzymes occurs as each individual cell sustains sarcolemmal damage.
SERUM lactic dehydrogenase (LDH), creatine kinase (CPK), and aspartate transaminase (AST) increase following myocardial infarction, and their measurement is widely used in differential diagnosis and quantification of infarct size. Retention of these enzymes, especially LDH, is also a convenient measure of viability in suspensions of isolated myocytes and hepatocytes. Factors that cause enzyme release from damaged cells have been investigated by means of a wide range of experimental models, but the mechanism has not been clearly defined. It is generally assumed that increased permeability to macromolecules is a symptom of severe membrane damage. Nevertheless, there is still some question as to whether enzyme release is a graded phenomenon, with lower molecular weight proteins preferentially lost through leaky but reversibly damaged, membranes, or is instead a consequence of irreversible injury (Schmidt and Schmidt, 1967; Jennings and Reimer, 1979; Dow et al., 1981) .
Suspensions of isolated adult myocytes would seem to offer an ideal model for examining the enzyme release process. Cells can be incubated in well-defined media formulated to simulate conditions seen by myocytes within intact tissue. Enzymes are released directly into the suspending medium, and variables associated with the vascular anatomy or lymphatic drainage of poorly perfused tissue are largely eliminated. Serial sampling from a homogeneous myocyte suspension permits precise determination of the time course of enzyme release, and rapid cell fractionation techniques allow quantitation of extracellular, cytoplasmic, and bound enzymes. Simultaneous examination of cell morphology, trypan blue exclusion, metabolite content, and other criteria of viability is also possible.
Current myocyte preparations closely resemble intact heart muscle cells. ATP, total adenine nucleotides, and phosphocreatine are comparable to perfused heart values. Most cells are normally elongated, with ultrastructure indistinguishable from intact heart, and the majority retain this morphology in the presence of added calcium. Spontaneous contractile activity is not observed in well-oxygenated cells with physiological sodium and potassium content, but synchronous contractions can be elicited with electrical stimulation. Dow et al. (1982) have recently reviewed the homology between isolated cells and intact heart myocytes. The present data also indicate that LDH, CPK, and AST activity are equivalent to intact hearts.
These cells can be made to deteriorate by two distinct pathways. With reoxygenation after 30-45 minutes of anoxic incubation (glucose absent) or addition of calcium to cells with elevated sodium, large numbers are converted to a round form with mitochondria extruded into cytoplasmic blebs and contractile elements fused into an amorphous central mass (Altschuld et al., 1980; Altschuld et al., 1981b) . Morphology of round cells is highly reminiscent of cells forming contraction bands in whole heart (see Hearse et al., 1979, for example) and differs considerably from the orderly sarcomere shortening associated with rigor contracture (Haworth et al., 1981) .
Rounding, or what might be termed hypercontracture, is inhibited by anoxia, rotenone, and uncouplers of oxidative phosphorylation (Hohl et al., 1982) . On the other hand, with glucose absent, each of these factors hastens rigor contracture. Hypercontracted cells ini-tially exclude trypan blue and retain cytoplasmic components, but are quite fragile and easily damaged by mechanical agitation.
A second form of cell damage occurs with prolonged anoxic, substrate-deprived incubation. Myocytes retain their typical striated appearance, membrane blebs are not observed despite a reduction in sarcomere length, and there is a gradual increase in the number of cells unable to exclude trypan blue. Damage by this pathway is accelerated by uncouplers of oxidative phosphorylation and by calcium. In the present study, enzyme loss from such cells was emphasized to eliminate variables associated with mechanical damage of hypercontracted cells. The results indicate that fractional release of freely soluble cytoplasmic LDH, CPK, and AST is the same as the fraction of cells permeable to dye, but permeable cells retain bound enzymes. The data argue against a graded, gradual increase in sarcolemma permeability with energy depletion, but support suggestions that release of mitochondrial enzymes by damaged cells follows a different time course.
Methods

Preparation of Heart Cells
Isolated adult rat heart myocytes were prepared by collagenase perfusion with creatine, taurine, and amino acids added to perfusion and wash buffers and a vitamin supplement included in the final suspending medium (Kao et al., 1980; Altschuld et al., 1981a) . Glucose was omitted from the final washing and suspending buffers. Other additions are described in the text for each incubation condition. Where indicated, concentrated cell suspensions (ca. 30 mg protein/, ml) were prepared by brief sedimentation in a tabletop centrifuge. The supernate was removed, incubated separately from the cell pellet, and used for resuspension of cells prior to analysis.
Incubation and Sampling Conditions
Cells were incubated in Nalgene test tubes or beakers at 37°C with gentle agitation in a nitrogen atmosphere. At regular intervals, 0.5-ml samples were centrifuged 6 minutes in an Eppendorf 3200 microfuge. The supernate was removed and dithiothreitol (final concentration, 1 MIN) added to preserve CPK activity. Additional samples were taken at the beginning and end of most experiments for digitonin and Triton X-100 extraction. For digitonin lysis, 16 jug digitonin/mg cell protein and dithiothreitol were added and the cells incubated 5 minutes at room temperature prior to centrifugation. The supernatant extract was removed for enzyme assays, and, in some experiments, the pellet was resuspended in 0.9% saline for Triton extraction. Cells and resuspended digitonin pellets were homogenized 5-10 seconds with a Wheaton Douce tissue grinder after the addition of 1% Triton X-100 and dithiothreitol. The homogenates were incubated 5 minutes at room temperature and the residue removed by centrifugation. Cell counts were obtained at each time point using glutaraldehyde fixation and 0.3% trypan blue as previously described (Altschuld et al., 1981b) .
Whole Heart Homogenization
Rat hearts were freed of blood by forcing 10 ml Krebs-Ringer-phosphate buffer through the coronary arteries via the aortic stump. The heart was finely minced and homogenized in buffer containing 1% Triton X-100 using either a Brinkman polytron or a tight-fitting Teflon pestle. Protein was determined by a biuret method (Gomall, 1949) for both heart homogenates and cell suspensions.
Enzyme Assays
Total enzyme activities were determined at 25°C using an ENl-Gemsaec centrifugal analyzer (Electro-Nucleonics Inc.). LDH and AST were assayed according to the method of Lott and Turner (1973) . CPK activity was determined using commercially available kit reagents (Sigma Chemical Co.). LDH and CPK isoenzymes were separated by electrophoresis on agarose films (Corning ACI). For better separation of CPKm, 50 mM barbital buffer, pH 8.8, and electrophoresis for 45 minutes at 90 V were substituted for conventional procedures. Gels were scanned with a Corning densitometer with fluorescence attachment. Control gels stained with complete CPK reagent, but with creatine phosphate omitted, were used to verify assignment of all fluorescent bands to CPK activity (Weavers et al., 1980) . All LDH bands were sharp and well separated. Mitochondrial creatine phosphokinase (CPK m ) produced a fairly broad band which did not separate completely from the MM isozyme. This caused little difficulty, however, except in triton extracts of intact cells or whole heart homogenates where assignment of band areas to MM and CPK ro was somewhat subjective.
Results
Myocyte Enzyme Content and Distribution
Myocytes used in these studies were initially 85-95%' viable by trypan blue exclusion with more than 90% of viable cells normally elongated. Total LDH, CPK, and AST activity were similar to intact rat heart, as were isoenzyme patterns for LDH and CPK. In contrast to the data of Vatner et al. (1981) , there 1.32 ± 0.1
Total LDH, CPK, and AST activity (U/mg protein, assayed at 25°C) and % of each LDH and CPK isoenzyme were determined in Triton extracts of two intact rat hearts and 5-10 preparations of myocytes prior to and following 3-4 hours anoxic incubation at 37°C, (10 each, LDH and CPK, five AST). Isolated cell values represent both extracellular and intracellular activity. Data are mean ± SEM. was no evidence of selective isolation of myocytes deficient in total LDH and MB-CPK by use of nominally calcium-free perfusion buffer. With 3-4 hours of anoxic incubation, 97% LDH, 90% CPK, and 82% AST activity were retained in whole cell suspensions (intracellular plus extracellular), and very little change in isoenzyme patterns was observed. These data are summarized in Table 1 .
When isolated myocytes or hepatocytes are treated with low levels of digitonin, the plasma membrane is fragmented and freely soluble cytoplasmic components are released (Zuurendonk and Tager, 1974; McCune and Harris, 1979; Hoek et al., 1980; Altschuld Circulation Research/ Vol. 51, No. 5, November 1982 et al., 1981a . This has formed the basis for several rapid cell fractionation methods designed to quantify metabolites and cations in cytosol and mitochondria. Digitonin lysis also has been used to examine response of in situ mitochondria to normally impermeable substrates and nucleotides, and respiratory activity with succinate prior to and following digitonin addition has proved to be a good test of myocyte membrane integrity (Fanner et al., 1977) . Digitoninlysed myocytes retain a remarkable degree of structural organization (Altschuld et al., 1981a) , but all are permeable to trypan blue (Fig. 1 ). Mitochondria are unaffected by low levels of digitonin and retain res-•X FIGURE 1. Freshly isolated cells were treated with rotenone (1.6 ng/mg protein) and digitonin (16 lig/mg protein) and fixed in Krebs-Ringerphosphate buffer containing 2% glutaraldehyde and 0.3% trypan blue. All cells are stained, but ultrastructure is well-maintained. piratory activity, acceptor control, cations and metabolites. As shown in Figure 2 , digitonin-lysed myocytes release 89% total LDH, but only 58% CPK and 27% AST. Isoenzyme distribution for released LDH and that retained by the cell pellet are essentially the same,-but digitonin releases primarily MM, MB, and BB CPK, while the residue contains mostly MM and CPK m . These data are shown in Table 2 .
Incubation Conditions
To obtain samples with a wide range of percent viability by trypan blue exclusion, two different incubation protocols were formulated. Cells were made to deteriorate slowly by incubation under 100% N2 at 30 mg of cell protein per ml without added glucose or calcium. Rotenone (16 jug/mg cell protein) was added to inhibit reoxygenation contracture during sample handling. With incubation at 37°C, there was a gradual increase in the percentage of cells unable to exclude trypan blue, but roughly 40% remained viable by this criterion after 4 hours. There was also a gradual increase in LDH and CPK activity of the suspending medium ( Fig. 3 ).
More rapid decline in cell viability was produced by inclusion of 1 MIN CaCl2 and 4 fxg antimycin/mg cell protein in anoxic glucose-free media with pH adjusted to 6.6. These conditions were chosen because previous work has shown that calcium accelerates deterioration of ATP-depleted myocytes (Hohl et al., 1982) , antimycin reduces ATP more rapidly than rotenone, despite equivalent inhibition of oxygen consumption (unpublished observations), and acid pH was included both to inhibit calcium-induced hypercontracture and to simulate one potential vector of HEART CELL ENZYMES U/mg (25°C) CPK and LDH isoenzymes were determined in digitonin extracts of freshly isolated myocytes and in Triton extracts of the residue. CPK, n = 5, LDH, n = 2. ischemic damage. As shown in Fig. 4 increase in the percentage of cells stained by trypan blue is rapid, but some cells remain impermeable to dye after 3 hours of incubation at 37°C. Release of LDH, CPK, and AST appears to parallel the percentage of cells stained.
By using both conditions of incubation, it was possible to examine samples with a viability range of 17-95% by trypan blue exclusion. In both series of experiments, cell deterioration resulted primarily from an increase in permeable elongated cells. There was a loss of total elongated cells from 82 ± 2% to 64 ± 3% during the first hour of incubation (n = 12) but after 3-4 hours, 63 ± 3% remained rod-shaped regardless of incubation media.
Correlations among Viability Estimates
The data shown in Figures 3 and 4 were replotted to show the relationship between percent release of total CPK, LDH, and AST, and the percentage of cells unable to exclude trypan blue (Fig. 5) . The relationships were linear, and good correlation coefficients were obtained, but nonviable cells retained appreciably more CPK and AST than would be predicted by assuming total enzyme release from permeable cells. Extrapolation of each curve to 100% stained cells yields a value comparable to the amount of enzyme activity retained by cells lysed with digitonin. The data suggest that loss of sarcolemmal integrity by deenergized, anoxic cells is similar to digitonin lysis, and that fractional retention of digitonin releasable enzymes ought to yield estimates of sarcolemma integrity comparable to those using trypan blue exclusion.
All available data from 12 consecutive experiments were used to compute percent retention of freely soluble, cytoplasmic LDH, CPK, and AST (defined as that fraction released by digitonin), and the values were compared to the percentage of cells excluding trypan blue. Mean arithmetic differences between each individual measure of membrane integrity also were tabulated. Good correlations were obtained, and 564 Circulation Research/ Vol. 51, No. 5, November 1982 the mean difference between any two measures did not exceed 5% viability. Results are presented in Table  3 .
LDH and CPK Isoenzymes Released during Anoxia
LDH isoenzymes released during anoxic incubation are shown in Table 4 . Total activity is that presented in Figures 3 and 4 , and the data were combined because of no apparent differences in extracellular 0.0 0.031 0.00 I 2 HOURS FIGURE 4. Trypan blue exclusion and release of LDH, CPK, and AST by myocytes incubated at 5 mg/ml in glucose-free medium containing 4 jig/mg antimycin, 1 mM CaCh, pH 6.6, at 37° C in a nitrogen atmosphere.
LDH isoenzymes as a function of incubation condition or amount of enzyme released. The data suggest that all LDH isoenzymes are released simultaneously. Incubation conditions also had little effect on CPK isoenzymes released to the suspending medium, and data from the experiments presented in Figures 3 and  4 are combined. One preparation of myocytes incubated with calcium and antimycin at pH 6.6 released a detectable amount of CPK m , the remaining five did not (Table 5 ). In general, anoxia and digitonin lysis release MM, MB, and BB CPK, whereas CPK m and some MM-CPK is retained by permeable cells.
Enzyme Content of Viable and Nonviable Cells
In order to establish that suspending medium enzymes are derived from those cells permeable to trypan blue, we attempted to separate viable from nonviable cells. Myocytes were incubated anaerobically for 60 minutes at 37°C in glucose-free buffer containing rotenone and 1 mM calcium. Viability declined to slightly less than 50% by enzyme retention and dye exclusion criteria. Cells then were layered over standard incubation buffer containing 4% bovine serum albumin and sedimented by low speed centrifugation for 1 minute. Cells were resuspended in buffer containing 0.5% albumin, and the layering procedure was repeated twice. In some cases, incubated cells were treated with 1 mg trypsin/ml for 10 minutes to degrade permeable cells further, prior to sedimentation over BSA. Enrichment of viable cells was similar for both methods, and the data were combined. As shown in Table 6 , it was possible to increase the fraction of viable cells from 49 to 63%, and cytoplasmic LDH and CPK also increased. In those experiments not involving trypsin, cell supernates were combined, and less viable cells were harvested and washed three times by centrifugation at 1000 g for 3 minutes. Cytoplasmic LDH and CPK were quite low, but particulars CPK did not differ Figure 4 Fig. 2 ). AST release by anoxic cells at pH 7.2, calcium absent (O), was determined once. All other values are for six experiments, and data are mean ± SEM. from control. It should be noted that both groups of cells appeared to have deteriorated during the final centrifugation step and/or immediately after resuspension, as shown by the presence of extracellular LDH and CPK. Enzymes released during incubation were removed by repeated sedimentation and resuspension in enzyme-free buffers. This continued deterioration places a limit on the extent to which a cell suspension can be enriched with viable cells. For each available individual measure of viability (data summarized in Fig. 3 and 4) , % retention of the digitonin releasable fraction of LDH, CPK, and AST, and % cells excluding trypan blue were correlated and the difference between viability estimates tabulated. In each case, enzyme activity of the suspending medium was related to the amount of enzyme released by digitonin lysis of the particular preparation of freshly isolated cells.
(M) are replotted to show the relationship between % total enzyme retention and % cells viable by trypan blue exclusion. The closed circle denotes enzyme retention by digitonin-lysed cells (see
Correlations among Viability Estimates Based on Retention of Cytoplasmic CPK, LDH, and AST, and Trypan Blue Exclusion
Measures of viability
Discussion
Enzyme Release
These studies have established that release of freely soluble cytoplasmic enzymes from anoxic, deenergized isolated adult rat heart myocytes is evidence of a nonspecific increase in sarcolemma permeability to macromolecules. The percentage of cells permeable to trypan blue (mol wt 930) was shown to be equivalent to the fractional release of cytoplasmic lactic dehydrogenase (mol wt 135,000), creatine kinase (mol wt 80,000) and aspartate transaminase (mol wt 60,000). Farmer et al. (1977) report that permeability to succinate (mol wt 120) and release of lactic dehydrogenase yield comparable myocyte viability estimates. Haworth et al. (1981) note that LDH release and trypan blue uptake by ischemic myocytes appear to occur simultaneously. Such results argue against a graded increase in sarcolemmal permeability of reversibly damaged anoxic ATP-depleted heart cells. Alternative pathways for enzyme release in vivo cannot be totally excluded, however, and a low "basal rate" of enzyme release by viable cells might not have been detected in these experiments (Smith, 1979) .
Measurement of LDH and CPK isoenzymes by Isoenzyme patterns for released LDH combine data from experiments described in Figures 3 and 4 . No differences were observed between LDH isoenzymes as a function of incubation conditions. MM 75 ± 2 75 ± 3 72 ± 6 MB 23 ± 1 22 ± 2 25 ± 4 BB 2 ± 0.2 2 ± 0.4 2 ± 0.7 CPK m * 0 0.7 ± 0.7 1.2 ± 1.2 75 ± 2 75 ± 3 24 ± 2 22 ± 4 2 ± 0.4 1 ± 0.7 0.5 ± 0.5 0 CPK isoenzymes were determined for enzyme released during both forms of anoxic incubation and data from experiments described in Figures 3 and 4 are combined because of no apparent difference in isoenzyme distribution as a function of incubation media.
* In only one of 12 experiments was CPK m detected in the suspending medium. The value reached 6% at 60 minutes and thereafter did not increase. electrophoresis of appropriately timed serum samples has improved diagnostic sensitivity of these enzyme assays. LDHi greater than LDH2 and MB CPK greater than 3% total activity are suggestive of myocardial infarction. The present study suggests that utility of these criteria is based on human whole heart content of the various soluble forms of LDH and CPK relative to other potential tissue sources, and not on preferential release of particular isoenzymes. When examining sarcolemmal damage in myocyte suspensions or intact isolated hearts, there would appear to be little advantage in measuring "heart specific" isoenzymes. In fact, because of greater LDH stability and relative lack of intracellular binding, total LDH release may yield more reliable estimates of cell damage than CPK in isolated heart models.
Retention of CPK m by damaged myocytes would seem to conflict with reported CPK m loss by mitochondria isolated from ischemic hearts (Jacobus, 1981) . Retention by permeable cells, however, does not necessarily imply that CPK m remains bound to the outer surface of the mitochondrial inner membrane, and CPK m is rarely if ever detected by electrophoresis of post-infarction sera. Mitochondrial AST does appear in human serum, especially after massive infarction and cardiac surgery. It has been suggested that release of mitochondrial AST is associated with reoxygenation damage (van der Laarse et al., 1981) , and use of respiratory inhibitors in the present study may have prevented its release. The observation that approximately 20% of MM-CPK is retained by permeable cells is consistent with binding of this isoenzyme to contractile proteins (Sholte, 1973) . There is a slight discrepancy between isoenzyme profiles for CPK release during anoxia and after digitonin treatment, with a somewhat greater percentage of the MM form detected in anoxic cell suspending media. Also, net loss of CPK activity during incubation is accounted for by a reduction in MM activity. The significance of these observations is unknown.
Hypercontracture
The causes of sarcolemmal damage are not clear. Considerable attention has focused on enzyme release by isolated perfused hearts subjected to "calcium paradox" and "oxygen paradox" protocols and with reperfusion of ischemic hearts (Zimmerman and Hulsman, 1966; Ganote et al., 1976; Hearse et al., 1978) . Readmission of calcium after a brief period of calcium-free perfusion results in massive release of CPK and extensive formation of contraction bands. Reperfusion after prolonged ischemia or reoxygenation after anoxic, substrate-deprived perfusion produces similar results, but less CPK is released and there are fewer contraction bands. Physical rupture of partially attached membranes during hypercontracture, as suggested by Ganote and Kaltenbach (1979) , rather than biochemical deterioration, may be responsible for enzyme release in these models. Similar Myocytes were incubated anaerobically in glucose-free buffer containing rotenone and 1 mM calcium for 60 minutes at 37°C. Fractions enriched in viable and nonviable cells were prepared following incubation as described in the text. Cytoplasmic enzyme activity is defined as that released by digitonin minus activity of the suspending medium. Particulate activity is defined as activity released by Triton X-100 minus that released by digitonin. All values are mean ± SEM. n = 3 for the fraction enriched in nonviable cells, n = 5 for the remaining experiments. Enzyme activity is expressed as I.U./mg cell protein assayed at 25°C. morphological changes can be produced in isolated myocytes by causing excess calcium accumulation or resumption of oxidative phosphorylation in anoxic, ATP-depleted cells. Unlike heart cells in situ, these initially retain cytoplasmic proteins, but membrane blebs are easily burst by mechanical agitation. To eliminate hypercontracture and physical rupture of round cells, respiratory inhibitors were employed in the present study. Similar results can be obtained by using tightly sealed vessels for anoxic incubations, but serial sampling must be avoided. Only when great care is taken to prevent resumption of oxidative phosphorylation by inadvertant introduction of atmospheric oxygen during studies of anoxia and substrate deprivation can one dissociate biochemical from physical membrane damage in isolated myocytes.
Mechanism of Membrane Damage
Loss of viability is surprisingly slow in cells incubated anaerobically (rotenone present) without added glucose, (also see Haworth et al., 1981) Similar preparations have been shown to cease lactic acid production within 30 minutes, and with addition of glucose after 45 minutes, glycolysis does not resume (Hohl et al., 1982) . ATP also becomes virtually undetectable after 45-60 minutes of incubation. These results argue against simple ATP depletion or cessation of glycolysis as the immediate, direct cause of enzyme release (but see Opie, 1979) . Cells incubated at pH 6.6 with calcium and antimycin (glucose absent, N2 atmosphere) deteriorate much more rapidly, but, again, some cells retain membrane integrity. It should be noted that cells incubated aerobically at pH 6.2 with 1 min CaCl2 lose viability at a rate comparable to those at pH 7.4 without added calcium (Altschuld et al., 1981b) . However, with ATP depletion, calcium invariably accelerates membrane damage. The deleterious effects of added calcium on deenergized myocytes probably can be attributed to activation of lipid-degrading enzymes, such as phospholipase (Weglicki, 1979) . The data support the suggestion of Michelle and Coleman (1979) that an imbalance between degradation and energy-dependent synthetic reactions may cause increased membrane permeability.
Implications
Whether the two forms of myocyte deterioration, hypercontracture and increased sarcolemmal permeability in elongated cells, constitute irreversible damage is difficult to answer. In vivo repair of such cells is difficult to imagine, but may not always be impossible. Attempts to reverse rounding in these myocyte suspensions have been unsuccessful, but elongation of rounded cultured fetal mouse heart cells has been reported (Goshima etal., 1980) . Another very puzzling phenomenon is the behavior of adult myocytes in culture. These must first round up prior to attachment (Jacobson, 1977) , and Claycomb and Pallazo (1980) have reported that the rounded form is unable to exclude trypan blue. Yet, after days or weeks, depending on the age of the donor animals, cells flatten, send out projections, and begin to beat spontaneously. It is apparent that cell viability remains a somewhat ambiguous term.
The present work underscores the fact that response of individual myocytes to controlled conditions of energy deprivation is distinctly heterogeneous. Gradual enzyme release occurs as the percentage of cells unable to exclude trypan blue increases, not because individual cells gradually release proteins. It is tempting to try to extrapolate these data to clinical myocardial infarction, but suspensions of anoxic, ATP-depleted myocytes may not deteriorate by exactly the same pathway as cells within ischemic heart tissue. The value of myocyte models is not that one can faithfully reproduce myocardial ischemia. Rather, it is possible to examine potential vectors of irreversible damage in a systematic manner. The data indicate that ATP depletion, calcium, and acid pH, factors presumed to contribute to in situ cell death, cause apparently complete and simultaneous release of cytoplasmic LDH, CPK, and AST from each damaged cell. It remains to be established whether this is true for all conditions of myocyte incubation and for heart muscle cells within an infarct.
